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ACOUSTICALLY  SCANNED  OPTICAL  IMAGING  DEVICES 
SUMMARY 

During  the  last  six  months,  a great  deal  of  progress  has  been  made  in 
the  development  of  our  surface  acoustic  wave  convolver  device.  The  main 
effort  has  been  devoted  to  the  development  of  the  surface  acoustic  wave 
correlator,  because  of  its  basic  importance  to  all  kinds  of  signal  proces- 
sing and,  eventually,  to  imaging,  because  of  the  very  high  sensitivites 
that  are  available  in  this  mode  of  operation. 

The  two  major  breakthroughs  are;  that  a complete  theory  of  the  surface 
acoustic  wave  storage  correlator  has  been  developed  and  checked  experimen- 
tally on  our  airgap  correlator  devices.  This  theory  predicts  the  behavior 
of  the  device  with  input  amplitudes,  time  of  the  input  signals,  the  ampli- 
tude of  the  readout  signals,  and  with  the  physical  parameters  of  either 
p-n  diodes  or  Schottky  diodes  that  are  employed.  The  theory  has  been 
checked,  not  only  on  our  own  experimental  devices  but  also  on  the  Lincoln 
Laboratory  results  obtained  with  Schottky  diode  devices.  In  all  respects 
where  it  can  be  checked,  the  results  appear  to  be  accurate  within  a few 
dB's,  and  all  the  experimental  parameters  vary  quantitatively  in  the  same 
way  as  the  predicted  theory.  When  they  can  be  checked  in  other  cases,  the 
qualitative  variation  is  exactly  of  the  type  that  would  be  predicted.  Thus, 


we  have  a complete  design  procedure  for  these  storage  correlator  devices 
available,  which  predicts  that  their  efficiency  is  very  close  to  that  of  a 


similar  device  used  as  a convolver,  as  is  the  dynamic  range.  This  implies 
that  such  devices,  when  feedthrough  can  be  kept  at  a sufficiently  low  level, 
should  have  a dynamic  range  of  the  order  of  60  dB's  . The  experimental 
results  check  well  with  this  hypothesis. 
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a greatly  Improved  condition.  We  have  made  the  first  ZnO  on  Si  stor- 
age correlator  and  have  tested  several  of  them.  The  transducer  efficiency 
of  these  devices  now  varies  from  run  to  run  by  only  1 - 2 dB's.  The 
correlation  efficiency  varies  by  as  much  as  10  dB's  , but  this  is  because 
we  have  been  varying  the  substrate  temperature  during  the  ZnO  deposition 
in  different  runs  to  try  and  obtain  an  optimum  value.  We  have  found  that, 
by  lowering  the  deposition  rates  and  optimizing  the  temperature,  we  ob- 
tain the  best  quality  ZnO  . In  this  case,  we  obtain  the  best  correla- 
tion efficiencies. 

We  have  found  that  the  ZnO  on  Si  monolithic  device  has  certain 
major  advantages  over  that  of  the  equivalent  airgap  device.  The  primary 
advantage  is  that,  because  of  the  thin  piezoelectric  film  employed,  there 
is  no  excitation  of  bulk  waves.  Therefore,  there  is  no  feedthrough  prob- 
lem associated  with  bulk  waves  on  readout;  a major  difficulty  of  the  air- 
gap  device.  By  paying  extremely  careful  attention  to  shielding,  we  have 
* also  eliminated  the  capacitive  feedthrough  in  these  devices  to  below  the 
thermal  noise  level.  Initially,  it  was  not  clear  that  it  could  be  done 
with  this  configuration.  The  results  obtained  are  better  than  we  could 
have  hoped  for.  The  only  remaining  feedthrough  problem  is  associated  with 
some  surface  wave  excitation.  We  are  very  confident  that  we  can  eliminate 
this  because  we  believe  it  is  associated  with  an  incorrect  choice  in  the 
diode  configuration;  one  which  uses  a mask  with  staggered  diodes  was  pri- 
marily employed  for  historical  reasons  because  this  particular  mask  was 
available  and  seemed  convenient  to  use.  We  are  changing  the  mask  and  be- 
lieve that  the  surface  wave  problem  should  be  eliminated  so  that,  under 
all  condictions,  we  will  obtain  a full  dynamic  range  of  the  devices, 
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We  have  tested  the  device  and  shown  that  It  correlates  Barker  codes 
well,  as  It  does  with  FM  chirp  signals.  In  this  mode,  we  can  correlate 
a chirp  signal  read  into  the  device  and  stored  in  it  with  a later  chirp 
signal  read  into  the  device. 

We  have  also  tested  an  entirely  new  mode  of  operation,  which  we  be- 
lieve to  be  of  great  importance.  This  involves  using  the  correct  signal 
level  so  that  we  can  insert  two  extremely  long  signals  into  the  device 
within  the  storage  time  of  the  device  and  correlate  them  with  each  other. 

The  maximum  time  bandwidth  of  this  correlation  process  should  be  deter- 
mined by  the  storage  time  of  the  device  and  the  bandwidth  of  the  transducers. 
We  have  carried  out  such  experiments  both  in  the  airgap  and  the  ZnO  on  Si 
device.  In  one  experiment  on  the  ZnO  on  Si  device,  we  have  correlated 
two  signals  with  a time  bandwidth  product  of  liOOO  , corresponding  to  TOO 
psec  chirps  with  a bandwidth  of  6 MHz.  This,  as  far  as  we  know,  is  at 
least  a factor  of  5 larger  than  has  been  done  before  in  any  surface  wave 
device.  In  the  end,  we  believe  this  process  can  lead  to  correlation  of 
signals  with  hundreds  of  milliseconds  long  and  bandwidths  in  the  range  of 
20  - 100  MHz  . This  leads  to  possible  correlation  time  bandwidth  products 
as  large  as  10^  , or  more.  Limitation  here  will  be  no  more  to  the  dynamic 
range  of  the  system  than  the  time  or  bandwidth. 

We  enclose,  for  the  rest  of  the  report,  three  papers  that  have  beent^ 
submitted  for  publication  in  Applied  Physics  Letters  and  Electronics  Letters. 
In  addition,  we  are  submitting  material  on  this  work  to  the  Ultrasonics  Sym- 
posium, and  we  are  writing  a long  paper  on  the  details  of  the  new  theory 
which  predicts  most  of  these  effects  in  detail. 


A MONOLITHIC  ZINC -OXIDE-ON-SILICON  P-N  DIODE  STORAGE  CORRELATOR* 

by 

H . C . Tuan  and  G . S . Kino 
Edward  L.  Ginzton  Laboratory 
Stanford  University 
Stanford,  California  9I+305 

ABSTRACT 

A monolithic  zinc-oxide-on-silicon  p-n  storage  correlator  has  been 
constructed.  When  operated  both  as  a convolver  and  as  a storage  correla- 
tor, the  electronic  efficiency  obtained  with  this  device  is  comparable  to 
that  of  the  present  LiNbO^  airgap  devices . This  device  has  the  potential 
of  having  very  large  dynamic  range  because  of  the  absence  of  spurious  bulk 
wave  generation,  as  occurs  in  the  airgap  device.  Several  signal  processing 
functions  have  been  demonstrated  with  this  new  type  of  storage  correlator. 
In  one  chirp  correlation  experiment,  correlation  of  signals  with  a time- 
bandwidth  product  of  1+000  has  been  observed. 
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Because  of  its  wide;  applications  as  a signal  processing  device,  the 
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storage  correlator  has  attracted  much  attention  in  the  past  two  years.  * * 

All  the  storage  correlators  with  diode  arrays  that  have  been  fabricated  so 

far  are  of  the  so-called  airgap  type,  where  a substrate  of  silicon  with  diode 

array  on  it  is  separated  by  an  airgap  from  a LiNbO^  delay  line.  In  order 

to  achieve  efficient  and  uniform  interaction  between  the  acoustic  wave  and 

the  diode  array,  sophisticated  assembly  techniques  have  to  be  used  to  main- 

. o 

tain  a thin  airgap  typically  of  the  order  of  2000  A along  the  whole  length 
of  the  diode  array.  This  requires  that  each  device  be  assembled  and  adjusted 
individually.  For  this  reason  and  others  to  be  explained  later,  a monolithic 
structure  is  desirable. 

In  this  paper  we  describe  such  a monolithic  storage  correlator.  The  con- 
figuration of  the  device  is  schematically  shown  in  Fig.  1.  This  configuration 
is  very  similar  to  that  of  the  zinc-oxide-on-silicon  convolver  demonstrated  by 

li  . 

Khuri -Yakub  and  Kino.  A zinc  oxide  layer  1.6  pm  thick  is  rf -sputtered  on  the 
Si  substrate  to  provide  the  piezoelectric  coupling  between  the  acoustic  sur- 
face wave  and  the  silicon.  The  rf  power  used  for  the  deposition  is  160  watts 
and  the  Si  substrate  is  kept  at  250°  C throughout  the  sputtering  process.  The 
oriented  gold  pads  at  each  end  of  the  delay  line  provide  slightly  better  under- 
layers than  SiOg  for  the  zinc  oxide  growth.  These  pads  also  act  as  ground 
planes  for  the  interdigital  transducers  which  are  deposited  on  top  of  the  ZnO 
layer  on  the  gold  pads.  The  10  finger  interdigital  transducer  is  designed  to 
launch  a 1-mm-widc  acoustic  beam  at  125  MHz  center  frequency.  The  n-type 
(HD  Si  substrate  used  has  a resistivity  of  9-I5  fi-cm  . The  p+-n  diodes 
on  the  surface  of  the  Si  substrate  are  H pm  wide  with  h pm  spacing 
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between  diodes.  These  diodes  are  fabricated  by  shallow  boron  diffusion 
(«  0.6  pm)  following  a n+  gettering  phosphorus  diffusion  on  the  back  of 
the  Si  wafer.  This  gettering  process  reduces  the  number  of  metallic  ions 
present  at  the  Si  surface,  thus  diodes  with  low  leakage  current  can  be 
fabricated  reproducibly . 

Simple  inductance  tuning  for  the  two  transducers  yields  a terminal-to- 
terminal  loss  of  about  19  db  with  a 3 db  bandwidth  of  8 MHz  . When 
used  as  a convolver,  this  device  gives  an  overall  convolution  efficiency  of 
-66  dbm  . Considering  the  fact  that  the  diodes  occupy  only  half  the  area  of 
the'  active  silicon  region,  this  number  compares  favorably  with  "58  dbm  as 

h 

predicted  and  measured  by  Khuri-Yakub  and  Kino  for  their  zinc  oxide  convolvers. 

Several  modes  of  operation  are  possible  when  this  device  is  used  as  a 
'orage  correlator.  In  the  present  case,  the  writing  process  is  accomplished 
by  storing  a charge  pattern  in  the  diode  array  through  the  simultaneous  pres- 
ence of  an  rf  signal  applied  to  the  top  plate  and  the  electric  fields  associated 
with  the  acoustic  signal  launched  by  transducer  A . After  the  storage  inter- 
val, by  applying  another  rf  signal  to  the  top  plate,  the  correlation  of  this 
signal  with  the  stored  signal  is  obtained  at  the  acoustic  port  B . In  this 
mode  of  operation  we  have  observed  65  db  output  dynamic  range  with  a db 
storage  time  of  20  msec  or  more,  with  the  maximum  acoustic  input  level  of 
26  dbm  at  the  acoustic  port  and  6 v p-p  at  the  input  terminal  of  the  top 
plate  both  for  write  in  and  read  out. 

It  is  important  to  note  that  due  to  the  presence  of  the  rf  signal  on  the 
top  plate  during  read-out,  spurious  signals  will  be  detected  along  with  the 
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correlation  output.  These  spurious  outputs  arc  caused  either  by  direct  rf 
pick-up  by  the  output  port  or  by  the  surface  wave  and/or  bulk  wave  generation 
when  the  piezoelectric  zinc  oxide  film  is  excited  by  the  top  plate  rf  signal. 

The  direct  rf  feedthrough  has  been  reduced  below  the  thermal  noise  of  the 
measuring  system  by  extremely  careful  design  of  the  enclosing  metal  box  and 
by  properly  grounding  the  silicon  substrate. 

Since  the  piezoelectric  zinc  pxide  film  on  our  device  is  only  1.6  pm 
thick,  bulk  wave  generation  by  the  read  out  signal  which  severely  limits  the 
input  dynamic  range  of  the  airgap  storage  correlator  is  not  present;  this  is 
a major  advantage  . Therefore,  our  main  concern  is  with  spurous  surface  wave 
generation  either  from  the  ends  of  the  top  plate  or  from  the  whole  length  of 
the  active  zinc  oxide  film  underneath  the  top  plate.  By  slanting  the  ends  of 
the  top  plate;  the  former  effect  has  been  eliminated.  The  spurious  surface 
wave  generation  by  the  whole  active  region  underneath  the  top  plate  at  the 
present  time  limits  the  input  dynamic  range  of  our  device  to  50-35  dbs  ; i.e., 
the  range  over  which  the  level  of  the  signal  to  be  stored  can  be  varied  during 
the  write-in  process  before  the  correlation  output  drops  to  the  spurious  signal 
level . 

Our  present  hypothesis  for  the  cause  of  this  spurious  signal  is  that  the  diode 
array  perturbs  the  surface  waves.  Therefore,  any  structural  periodicity  appear- 
ing in  the  diode  array  which  matches  the  wavelength  of  the  rf  signals  used  can 
cause  surface  wave  generation.  In  support  of  this  argument,  we  note  that  the 
level  of  the  spurious  signal  can  be  affected  by  DC  bias  applied  to  the  top 
plate  which  controls  the  surface  potential  of  the  n-type  regions  between  diodes. 
Effort  is  under  way  at  the  present  time  to  fabricate  new  devices  with  a simplified 


array  structure.  Unfortunately,  for  historical  reasons,  the  present  diode 
elements  are  staggered  giving  an  additional  periodicity  of  1J0  pm  , which 
could  cause  the  unwanted  spurious  surface  wave  generation  through  its  kth 
harmonics . 

Several  signal  processing  functions  have  been  demonstrated  with  this 
device.  Figure  2 shows  the  storage  correlation  of  a 5-bit  Barker  code.  The 
Barker  code  is  stored  in  the  diode  array  by  feeding  it  to  the  top  plate  and 
at  the  same  time  passing  a 200  nsec  acoustic  pulse  underneath  it.  The  side 
lobe  level  is  within  2 db  of  the  theoretical  value  of  -Ik  db  . A second 
experiment  demonstrates  that  integration  and  correlation  between  two  input 
signals  can  be  obtained.  Two  identical  linear  FM  chirps  are  inserted  simul- 
taneously into  both  the  acoustic  port  and  the  top  plate ? These  signals  are 
arranged  to  be  of  low  enough  level  so  that  many  rf  cycles  are  required  to 
saturate  the  diodes.  In  this  case  the  device  stores  a component  of  charge 
which  is  proportional  to  the  integral  of  the  product  of  the  two  signals,  i.e., 
if  the  signals  are  F(t)  e^CDt  and  G(t)  , respectively,  the  stored  signal 

is 


H(x) 


- x/v)  G(t)  cos  cux/vdt 


where  a is  a constant  and  v the  acoustic  wave  velocity.  By  delaying  one 
chirp  by  5 Msec  with  respect  to  the  other  we  obtain  the  stored  correlation 
peak  of  the  two  chirps  in  a short  region  along  the  diode  array.  Thus  the  long 
chirp  is  compressed  into  a narrow  charge  spike  stored  in  the  diode  array . 

The  compression  ratio  depends  on  the  time-bandwidth  product  of  the  chirp  used 
which  in  turn  is  only  limited  by  the  bandwidth  and  storage  time  of  the  device. 
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Since  the  storage  time  of  the  device  can  be  very  long  (a  few  hundred  msec  or 
more)  extremely  large  compression  ratios  can  be  achieved . 


Trace  (a)  of  Fig.  3 shows  the  correlation  output  obtained  with  short 
pulsed  readout  signal  of  approximately  100  nsec.  It  will  be  observed  that 
the  output  is  200  nsec  wide,  when  the  input  Fli  chirp  is  7 00  psec  long  and  has 
a frequency  excursion  of  6 MHz  . This  represents  a compression  ratio  of  about 
3500.  As  a check  on  this  result,  we  note  with  trace  (b)  that  when  the  chirp 
is  gated  to  350  psec  long,  thus  reducing  the  bandwidth  by  a factor  of  two,  the 
compressed  output  pulse  widens  by  a factor  of  2,  and  its  amplitude  drops;  in 
addition  the  sidelobe  levels  become  much  worse  - probably  due  to  the  fact 
that. this  device  is  as  yet  not  a true  linear  integrator.  As  demonstrated  by 
Ingebrigtsen  and  Stern^  we  believe  that  it  should  be  -ossiblc  to  operate  the 
device  in  a linear  integration  mode.  These  experimeT  ts  demonstrate  that  like 
the  airgap  storage  correlator,  this  monolithic  device  stores  both  the  ampli- 
tude and  phase  of  a signal;  and  demonstrates  that  correlation  of  extremely 
large  time-bandwidth  product  signals  can  be  obtained. 

We  conclude  that  an  efficient  monolithic  zinc-oxide-on-silicon  storage 
correlator  can  be  fabricated.  Its  capability  and  versatility  as  a signal 
processing  device  have  been  demonstrated.  Because  of  the  absence  of  spurious 
bulk  wave  generation,  it  may  become  a practical  signal  processing  device 
offering  large  dynamic  ranges,  both  at  input  and  at  output.  In  addition  it 
offers  the  possibility  of  correlating  signals  with  extremely  large  time-band- 
width products  determined  by  the  storage  time  of  the  device  and  the  bandwidth  of 
the  transducers.  As  storage  times  can  be  a second  or  more  and  bandwidth  in  the 
tens  of  megahertz  range,  the  possible  signal  processing  capability  is  impressive. 


ACKNOWLEDGEMENT 

The  authors  wish  to  thank  Dr.  Khuri-Yakub  for  many  valuable  suggestions 
on  the  subject  of  ZnO  technology  and  L.  Goddard  for  his  contributions  to 
making  the  ZnO  film  growth  a more  reproducible  process. 


H 


•i 


il 


REFERENCES 


1.  K.  A.  Ingebrigtsen,  R.  A.  Cohn,  and  R.  W.  Mountain,  Appl.  Phys.  Letters 

26,  596-598  (1975). 

2.  C.  Maerfeld,  Ph.  Defranoud,  and  P.  Toumois,  Appl.  Phys.  Letters  27, 
577-578  (1975). 

5.  P.  G.  Borden  and  G.  S.  Kino,  Appl.  Phys.  Letters  29,  527-529  (I976). 
k.  B.  T.  Khuri-Yakub  and  G.  S.  Kino,  Appl.  P'nys . Letters  25,  I88-I9O  (197^)* 

5.  P.  G.  Borden  and  G.  S.  Kino,  "Input  Correlation  with  the  ASW  Storage 
Correlator,"  G.  L.  Report  No.  2715,  Stanford  University. 

6.  K.  A.  Ingebrigtsen  and  E.  Stern,  Appl.  Phys.  Letters  27,  170-172  (1975)* 


- 11  - 


FIGURE  CAPTIONS 

Fig.  1--Schematic  of  the  zinc-oxide-on-silicon  monolithic  storage  correlator. 

Fig.  2--Storage  correlation  of  5-bit  Barker  code.  (Horizontal:  2 pscc/div) 

Fig*  3--Correlation  peak  obtained  with  (a)  700  psec,  6 MHz  (b)  350  psec, 

3 MHz  linear  FM  chirps . 


Schematic  of  zinc-oxide-on-si iicon 
monolithic  storage  correlator. 


Correlation  peak  obtained  with  (a)  700  sec, 
6 MHz  (b)  350  sec,  3 MHz  linear  FM  chirps. 


ABSTRACT 

We  demonstrate  analytically  and  experimentally  that  the  acoustic 
surface  wave  p-n  diode  storage  correlator  may  be  charged  either  very  quickly 
or  very  slowly,  depending  on  the  input  signal  levels,  and  independent  of  the 
diode  storage  time. 

Thus,  the  same  long  storage  time  device  is  usable  for  both  high  speed 
and  slow  (such  as  integrating)  applications. 


The  work  reported  in  this  paper  was  supported  by  the  Office  of  Naval  Research 
under  grant  N000U+-76-C-0129  and  The  National  Science  Foundation  under  grant 
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Storage  correlators  employing  both  Schottky  and  p-n  * diodes  have  been 
demonstrated.  The  relationship  between  the  charging  and  storage  processes 
has  not  been  well  understood,  and  it  has  been  generally  assumed  that  devices 
exhibiting  long  storage  times  will  require  long  charging  times.  We  have 
theoretically  and  experimentally  demonstrated  that  this  is  not  so.  Charging 
time  depends  mainly  on  the  input  levels;  thus,  even  long  storage  time  p-n 
diodes  may  be  charged  during  periods  adjustable  from  a nanosecond  to  a second 
or  longer. 

The  storage  correlator  configuration  is  shown  in  Fig.  1A,  with  corres- 
ponding equivalent  circuits  in  Figs . IB  and  1C . An  array  of  p-n  diodes 
fabricated  oh  a semiconductor  interacts  with  a surface  wave  traveling  on  a 
neighboring  substrate.  In  the  charging  process,  a short  pulse  applied  to 
the  diode  array  switches  each  diode  on.  The  capacitor  charges  up  to  a voltage 
corresponding  to  that  of  the  pulse  (Fig.  IB).  When  the  pulse  amplitude  drops 
to  zero,  the  capacitor  remains  charged  and  the  diode  becomes  reverse  biased, 
so  that  stored  charge  is  slowly  lost  through  the  diode  leakage  current.  In 
actual  operation,  the  diode  voltage  is  the  sum  of  two  terms  one  due  to  the 
acoustic  surface  wave  and  the  other  due  to  the  pulse.  After  charging,  the 
reverse  biased  diodes  act  like  varactors,  their  capacities  depending  on  the 
stored  charge.  If  a later  signal  is  applied  to  the  array,  it  will  excite  a 
potential  on  the  piezoelectric  substrate  whose  amplitude  depends  on  the  diode 
capacities.  By  this  means,  the  stored  charge  may  be  read  out. 

In  another  paper,  we  present  a complete  theory  of  this  operation.  Here 
we  only  discuss  the  diode  charging  and  show  that,  although  p-n  diodes  are 
reputed  to  be  slow,  it  is  indeed  possible  to  read  signals  into  these  diodes 


in  nanosecond  intervals,  independent  of  the  storage  time.  Furthermore,  by 
employing  smaller  potentials,  it  is  possible  to  charge  relatively  slowly  in 
an  integrating  mode. 

To  understand  the  charging  process,  we  consider  the  action  of  switching 
on  the  diode  by  accounting  for  its  transient  response.  To  do  this,  we  first 
consider  the  case  of  charging  with  a single  short  pulse  (Fig.  IB).  By  solving 
the  p+-n  junction  diffusion  equation  for  times  much  shorter  than  the  hole 
recombination  time,  we  can  show  that  the  diode  voltage  is 


where  the  current  density  at  a time  x is  J(t)  = -qD  ^ and  p(x  =0,  t)  = 
. p ox 


pn^|e  . 0^  is  the  diffusion  constant  for  holes,  q the  electronic 

charge  and  p the  minority  carrier  density  in  the  n layer  in  thermal  equi- 
librium. We  assume  that  the  diode  is  charged  through  a capacitor  C with  a 

v2_ 


pulse  of  the  form  V(t)  = V 
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, as  in  Fig.  IB.  Then  if  the 


conduction  current  through  the  diode  is  much  larger  than  the  displacement  current, 
the  current  varies  linearly  in  time.  It  follows  from  Eq.  (1)  that  the  diode 
voltage  is 
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At  t = 3/2  tg  , when  V = 3/UV^  , the  diode  becomes  reverse  biased,  and, 

hence,  3A  °f  the  peak  charge  in  the  capacitor  C is  stored.  Successive  pulses 
will  asymptotically  increase  the  stored  charge  to  the  maximum  value  CVQ 
A second  case  is  when  relatively  weak  signals  are  used  to  charge  the 
diodes.  Now  the  capacitive  current  of  the  diode  dominates  and  the  circuit  model 
of  Fig.  1C  is  appropriate.  Here  we  solve  the  diffusion  equation  for  a sinu- 
soidal voltage  excitation  to  find  the  diode  current.  The  charge  in  the  capaci- 
tor,  due  to  this  current,  increases  logarithmically  in  time  as: 


kT 


Q(t)  - -r  Vn 


q2P  t V — 

1 + —nO  ekt  0 C + Cp 

kTGc 


V 


kTaJ)p  C + CD 
37rqV_  C 


(3) 


where  cu  is  the  frequency  and  C = 
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is  the  diode  capacitance, 


taken  to  be  constant,  Vg  is  the  built  in  diode  voltage,  and  is  taken 

at  its  maximum  value  in  defining  the  capacitance. 

The  readout  signal  received  at  either  acoustic  port  is  a result  of  the 
read  in  of  a small  rf  signal  cpg  exp  jo)t  on  a transducer  and  a signal 
<Pp  exp  jcnt  on  the  plate.  Assuming  that  the  dominant  potential  at  the  diode 
is  due  to  cPp  , it  is  as  if  the  applied  potential  is  of  the  form 


^A  = + Bojexp^- 


(M 


where  A , B , are  constants  and  v is  the  acoustic  velocity. 
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Inserting  this  result  in  Eq.  (3),  we  can  show  that  there  will  be  a 
stored  component  of  charge  with  a spatial  wave  number  k = co/v  , which 
varies  as  cPpfn(Kt)  where  K is  a constant. 

The  significant  results  of  this  analysis  are  twofold: 

(1)  The  diodes  can  be  charged  to  75 1°  °f  the  maximum  value  with  a single 
pulse  of  sufficient  amplitude  and  duration  less  than  1/2  rf  cycle. 

(2)  For  small  amplitude  pulses,  the  stored  charge  varies  logarithmically 
with  time.  Thus,  the  charging  rate  can  be  very  low. 

We  have  performed  experiments  to  verify  these  results.  The  device  employed 
a mesa  p-n  diode  array'’  with  a room  temperature  storage  time  of  35  msec.  The 
frequency  was  108  MHz  and  the  charging  pulse  length  was  ~ 5 nsec.  While 
the  storage  time  varied  by  more  than  three  orders  of  magnitude,  the  charging 
characteristics  remained  almost  constant  over  a 6U°C  temperature  range  as  shown 
in  Fig.  2.  This  is  expected  from  Eq.  (2)  since  ^ « T^/2  exp  [E^/2kT]  , and 
Vp  is  virtually  independent  of  T . This  proves  that  a very  long  storage 
time  diode  can  be  charged  with  a very  short  pulse  of  sufficient  amplitude. 

The  same  device  can  also  exhibit  slow  charging  characteristics  under  the 
proper  conditions;  i.e.,  with  small  amplitude  charging  signals.  In  Fig.  3 a 
plot  of  the  device  output  is  given  as  a function  of  the  logarithm  of  the  charg- 
ing time.  The  output  and  output  slope  both  vary  as  cp  £nt  , as  predicted 
in  the  discussion  following  Eq.  (3). 

The  logarithmic  charging  behavior  has  been  observed  in  earlier  experiments . 
Such  observations  were  interpreted  to  show  that  long  storage  time  diodes  will 
exhibit  slow  charging  characteristics.  The  present  work  indicates  that  those 
results  were  due  to  the  low  levels  of  the  charging  signals,  and  not  to  any  in- 
herent physical  limitations  of  the  diodes. 
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To  conclude:  through  the  proper  choice  of  input  signal  levels,  the 
charging  time  may  be  varied  from  a few  nanoseconds  or  less  to  a second 
or  more.  Furthermore,  this  behavior  will  be  independent  of  the  diode  storage 
time. 
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FIGURE  CAPTIONS 


Fig.  1 

Fig.  2 

Fig.  5 


--  (a)  Storage  correlator  configuration  and  operation. 

(b)  Charging  model  for  a single  large  pulse. 

(c)  Charging  model  for  a small  signal. 

--  Correlation  output  as  a function  of  the  amplitude  of  the 
charging  pulse  over  a 6h° C temperature  range. 

--  Correlation  output  as  a function  of  the  charging  time  and 
rf  input  voltage  <p 
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ABSTRACT 

By  correlating  during  readin,  we  correlate  signals  of  much  greater 
length  than  could  be  stored  within  the  device,  thereby  obtaining  a large 
improvement  in  TB  product. 


The  work  reported  in  this  paper  was  supported  by  the  office  of  Naval 
Research  under  grant  NOOOl^-V.'-C-^lgO. 
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INPUT  CORRELATION  WITH  THE  ASW  STORAGE  CORRELATOR 


The  acoustic  surface  wave  storage  (or  memory)  correlator  has 
recently  received  considerable  attention  as  a high  bandwidth  signal 
processor.*  We  here  consider  a new  mode  of  device  operation  that 
affords  greatly  increased  time -bandwidth  product;  namely,  input 
correlation. 

The  device  consists  of  a pn  junction  diode  array  situated  above 
a piezoelectric  surface  wave  delay  line.  Fig.  la  shows  a typical 
mode  of  operation  whereby  the  modulation  W(t)  of  a signal  W^t)eJ  t 
is  written  into  the  diode  array  as  a stored  charge  pattern  and  read 
out  at  some  later  time  as  a correlation  with  a reading  signal  Rft)eJ  C 


The  writing  process  involves  the  interaction  of  two  rf  inputs. 

We  first  consider  the  case  where  one  is  used  to  excite  a short  acoustic 
surface  wave  pulse  and  the  other  is  applied  to  the  diode  array  through 
a capacitor,  the  capacity  between  the  diode  array  and  the  ground  elec- 
trode on  the  other  side  of  the  delay  line.  Thus,  the  source  in  Fig.  Ic 
is  of  the  form  Vg  = Se^'0t  ^Z^+W( t)e^a where  S is  a constant.  The 
surface  wave  term  is  assumed  to  be  dominant,  but  still  of  insufficient 
strength  to  allow  the  diode  conduction  current  to  exceed  its  displace- 
ment current.  Thus,  the  voltage  divider  consisting  of  C and  the  diode 
depletion  layer  capacitor,  C^,  determines  the  diode  voltage  V^.  During 
successive  peaks  of  the  surface  wave  potential,  small  amounts  of  for- 
ward diode  current  flow.  This  puts  successive  increments  of  change 
into  the  capacitor  C,  due  to  both  S and  W(t). 

After  the  surface  wave  pulse  passes  by  the  diode  V - 0,  so  that 
the  capacitor  C is  placed  across  the  diode,  reverse  biasing  it.  The 
stored  charge  now  leaks  out  slowly  through  the  diode  reverse  current. 
The  reverse  biased  diode  acts  like  a varactor  whose  capacity  depends 
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on  the  stored  charge.  A readout  signal  R(t)ejmt  applied  to  the  diode 
array  excites  a surface  wave  whose  amplitude  depends  on  the  diode  ca- 
pacities. This  wave  appears  at  the  transducer  opposite  the  one  used 
for  input  as  the  correlation  of  R and, the  stored  charge  pattern. 


By  solving  the  p+n  diode  diffusion  equation  for  times  much 

shorter  than  the  minority  carrier  recombination  time,  we  can  show  that 

the  diode  neutral  region  charge  increases  logarithmically  in  time 

2 

during  the  charging  process  as  : 
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where  S is  the  peak  surface  wave  poteutial,C  = 


is  taken 


at  the  peak  value  of  V^,  p is  the  thermal  equilibrium  minority 
carrier  concentration,  is  the  minority  carrier  diffusion  constant, 
Np  is  the  doping  density,  and  <n  is  the  frequency. 


Since  V^fz,  t.)  has  some  dc  component  Vq,  a pure  rf  component 
W(t)e^<Dt,  and  a component  due  to  the  surface  wave  S(z,t)e^0t 
expansion  of  the  above  equation  yields  a product  term  of  the  form 
WSe^Zln(Bt),  where  B is  constant.  The  logarithmic  characteristic 
allows  charge  to  be  integ  ated  over  long  intervals  by  appropriate 
choice  of  the  input  levels.  Because  this  component  of  charge  varies 
with  the  product  of  the  two  input  signals,  it  is  also  possible  to 
correlate  two  long  input  signals  during  the  charging  process.  At  the 
present  time,  unless  S is  carefully  chosen  so  as  to  use  only  a linear 
portion  of  the  charging  characteristics,  the  non-linear  time  dependence 
makes  this  technique  poorly  suited  for  amplitude  dependent  correlations. 
It  would,  nevertheless  be  of  considerable  use  in  phase  sensitive  correla- 
tions, such  as  those  performed  with  FM  chirps.  Modifications  can, 
however,  be  performed  to  charge  linearly  from  a current  source,  as 
described  by  Ingebrigtsen  . 
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The  TB  product  is  normally  limited  by. the  transducer  bandwidth 
and  diode  array  length.  Input  correlation  allows  correlation  of  sig- 
nals much  longer  than  could  normally  be  stored,  yielding  a corresponding 
increase  in  TB  product.-  For  example,  the  longest  convolver  so  far 
constructed  covers  a 35  Msec,  signal  in  its  12.1  cm.  length  . By 
careful  adjustment  of  signal  levels,  input  correlation  should  allow 
correlation  of  signals  >1  msec,  long,  yielding  a TB  improvement  of  at 
least  30,  and,  in  certain  applications,  obviating  the  need  for  a long 
diode  array. 

We  have  experimentally  demonstrated  this  by  input  correlating 
two  linear  FM  chirps.  Fig.  2a  shows  the  experimental  setup.  The 
plate  chirp  is  a delayed  replica  of  the  acoustic  chirp,  so  that  the 
plate  and  surface  wave  frequencies  will  match  near  one  point  along 
the  diode  array.  A correlation  peak  will  be  stored  there,  which  may 
be  directly  read  out  at  some  later  time. 

Our  device  had  a center  frequency  of  105-5  MHz  and  a J dB  band- 
width of  about  7 MHz.  The  mesa  p+n  diode  array  length  was  2 cm  (6  psec). 

The  acoustic  and  plate  inputs  were  both  to  nsec,  7.3  MHz  linear  FM  chirps 
with  a center  frequency  of  105  to  MHz.  To  obtain  the  plate  delay,  a 
common  chirp  was  generated  and  mixed  up  in  frequency  before  being  applied 
after  a 60  psec.  delay.  Both  plate  signal  amplitudes  were  8 V 0-p.  The 
acoustic  signal  was  23-5  dBm  and  the  minimum  2-port  delay  line  loss  was  18.5 
dB  at  UV5  MHz. 

The  correlation  output  is  seen  in  Fig.  2b.  The  width  at  half 
maximum  is  180  nsec.,  corresponding  to  a compression  ratio  over  the 
original  to  nsec,  inputs  of  220.  The  theoretical  compression,  corres- 
ponding to  the  TB  product,  is  to  Msec.  X 7,3  MHz  = 292.  It  should  be 
noted  that  the  observed  output  is  actually  the  correlation  of  the  5''1 
nsec  readout  pulse  with  the  stored  charge  pattern,  thus  broadening  the 
output  about  10$  over  the  true  correlation  charge  pattern.  Neverthe- 
less, the  performance  improvement  is  dramatic.  In  the  output  correla- 
tion mode,  the  peak  compression  obtainable  is  limited  by  the  diode  array 
length  and  transducer  bandwidth  to  about  6 Msec.  X 7.3  MHz  = to,  or 
about  20$  of  that  obtained  through  input  correlation. 
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Thus,  input  correlation  removes  the  TB  limit  imposed  by  the 
finite  diode  array  length.  The  technology  required  to  correlate  certain 
extremely  long  signals  then  becomes  far  simpler,  allowing  extremely 
high  TB  signal  processing  with  the  storage  correlator. 
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la: 

(a) 

A typical  mode  for  storage  and 

output  correlation. 

(b) 

Input  correlation  and  readout. 

(c) 

Equivalent  circuit  model. 
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fa) 

Input  correlation  experimental 

setup. 

(b) 

Correlation  output. 

7 7?z  - / 


WRITING  READOUT 


/w,(r)W2(r+t)dT 


